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Embryonic stem cells (ESCs) are pluripotent with multilineage potential to differ-
entiate into virtually all cell types in the organism and thus hold a great promise for
cell therapy and regenerative medicine. In vitro differentiation of ESCs starts with
a phase known as embryoid body (EB) formation. EB mimics the early stages of
embryogenesis and plays an essential role in ESC differentiation in vitro. EB uni-
formity and size are critical parameters that directly influence the phenotype ex-
pression of ESCs. Various methods have been developed to form EBs, which in-
volve natural aggregation of cells. However, challenges persist to form EBs with
controlled size, shape, and uniformity in a reproducible manner. The current
hanging-drop methods are labor intensive and time consuming. In this study, we
report an approach to form controllable, uniform-sized EBs by integrating bioprint-
ing technologies with the existing hanging-drop method. The approach presented
here is simple, robust, and rapid. We present significantly enhanced EB size uni-
formity compared to the conventional manual hanging-drop method.

© 2011 American Institute of Physics. [doi:10.1063/1.3580752]

I. INTRODUCTION

Embryonic stem cells (ESCs) display indefinite self-renewal and they are a pluripotent cell
source with multilineage differentiation potential.l’2 The unique features of pluripotency make
ESCs an ideal source for tissue replacement and regenerative medicine for diseases and injuries.3’4
In vitro differentiation of ESCs into other phenotypes is preceded by the formation of embryoid
bodies (EBs). EBs are three dimensional (3D) aggregates of ESCs with characteristics of the early
stages of embryogenesis and play a critical role during in vitro differentiation of ESCs. The lack
of uniformity in EB size may result in nonhomogeneous and asynchronous differentiation of the
residing cells.”® Therefore, formation of EBs with uniform sizes is needed to effectively employ
ESCs in regenerative medicine.

Three germ layers form in the early stages of embryogenesis in vivo, which are also observed
in EB culture in vitro.’ Therefore, EB provides a suitable microenvironment for ESCs in vitro,
which facilitates lineage-specific differentiation.*® It was previously shown that EB-mediated
differentiation efficiency is dependent on the EB size. Larger EB sizes tend to differentiate toward
mesoderm and endoderm, while smaller EB sizes direct their differentiation toward ectoderm.> Tt
is also reported that smaller sized EBs (100—500 wm in the lateral dimensions and 120 wm in
depth) are more likely to allow cardiomyocyte differentiation.'® On the other hand, EB formation
from individual ESCs via spontaneous aggregation is inefficient,'""'> which results in heteroge-
neous size distribution and noncontrolled differentiation lineage.w’14
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Although various methods have been developed to promote EB formation through natural
aggregation or artificial cell-cell interactions, it is still challenging to obtain controllable, uniform-
sized EBs. For instance, enzymatic digestion of the ESC colonies and rotary mass suspension
resulted in heterogeneous size distribution of EB 5,116 while methods based on surface pattern-
ing can only control the initial EB size.%'""” The hanging-drop method (based on manual pipet-
ting) is commonly used in ESC cultures to form EBs. However, the EB size through this method
is a variable due to variation during pipetting, such as droplet volume and number of cells per
droplet. Additionally, these manual methods are labor intensive and time consuming, and the
reproducibility of the results varies between operators. Nonadhesive microwell arrays of various
aspect ratios, sizes, and shapes have been developed to control the uniformity of EB size and
shape through physically controlling the size of growing EBs."*?*? However, ESCs formed disk
shaped EBs on microwell arrays, while they aggregated in spherical form in suspension cultures,”
suggestive of different phenotypes.23 Furthermore, the mechanical stress induced on ES cells
during the forced aggregation process (e.g., rotary mass suspension“"26 and centrifugationn) may
disrupt the cell-cell signaling10 and damage the fragile cellular components affecting subsequent
cell differentiation.”” Methods for sorting EBs of heterogeneous size into uniform size groups have
also been developed.27 However, the separation methods generally involve external force fields
such as microfluidics®’ that may damage ESCs and affect subsequent cell differentiation.

We hypothesized that the recent advances in bioprinting technologies would facilitate the
formation of uniform-sized EBs in a reproducible manner, addressing the challenges associated
with the current methods. To validate this hypothesis, we integrated a cell printing techniquezg*30
with the existing hanging-drop culture method. Although a variety of cell bioprinting methods,
such as acoustic printing,31_33 valve based printing,34_36 and ink-jet printing,37’38 have been used to
encapsulate cells in microdroplets,”’40 the combination of these cell printing techniques with the
hanging-drop method for EB formation has not yet been evaluated. Here, we present a new
method based on bioprinting and hanging-drop methods that results in controllable uniform-sized
EBs. The developed method provides a reproducible, efficient, and scalable alternative to the
currently available methods. These uniform-sized EBs would be highly applicable towards regen-
erative medicine and tissue replacement.

Il. MATERIALS AND METHODS

A. ESC culture

In this study, we used genetically engineered mouse ESCs (mESCs, line E14). These cells
expressed green fluorescent protein (GFP) upon initiation of gene transfection at the Oct4 pro-
moter at goosecoid (Gsc) gene locus. The mESCs were cultured in high glucose-Dulbecco’s
modified eagles medium (Gibco) supplemented with 10% (vol/vol) ES qualified phosphate
buffered saline (PBS) (Gibco), 1 mM L-glutamine (Gibco), 0.1 mM B-mercaptoethanol (Sigma,
St. Louis, MO), 100 U/ml penicillin, 100 ug/ml streptomycin (Gibco), and 1000 U/ml of
leukemia inhibitory factor (Chemicon).

B. Embryoid body formation
1. Bioprinted hanging-drop method

The mESC suspensions were prepared at three concentrations (0.1 10%, 0.5X 10% and 1.0
X 10% cells/ml) in basic EB medium containing alpha minimal essential medium (a-MEM;
Gibco) supplemented with 15% (v/v) heat-inactivated FBS (Invitrogen, Carlsbad, CA) and 1%
(v/v) penicillin/streptomycin. Droplets of mESC suspension at controlled volumes (1, 4, 10, and
20 ul) were bioprinted onto inside surface of a Petri dish lid in an array format by a cell printer
(Fig. 1) mimicking the existing hanging-drop approach. In hanging-drop method, droplets of ESC
suspension were generated by manual pipetting.9 The cells were allowed to aggregate with the
help of gravity when the Petri dish was reversed. The bioprinted droplets were hung in the Petri
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FIG. 1. Schematic of the EB formation process using bioprinting approach. Droplets of cell-medium suspension were
bioprinted onto the lid of a Petri dish and were hung up for 24 h to allow for EB aggregation. The formed EBs were
transferred to a 96-well plate for additional culture up to 96 h.

dish for 24 h (Fig. 1). The dish bottom was then filled with PBS to prevent drying of bioprinted
droplets. The aggregated mESCs within the bioprinted droplets were then transferred to low-
adherence 96-well plates and cultured for 96 h to generate EBs (Fig. 1).

2. Standard hanging-drop method using manual pipetting

For control groups, the same droplet size and cell concentrations were used as the bioprinted
hanging-drop method. EBs formed by the standard hanging-drop approach using manual pipetting
were used as a control group following the commonly used protocols.9 ESCs were seeded onto the
Petri dish lids under similar conditions as the bioprinting method. ESCs aggregated within the
droplet for 24 h, and then these aggregates were transferred into 96-well plates. EBs formed using
this method were cultured for 96 h.

C. EB morphological observation and EB cell death

The EB sizes formed using different initial cell seeding density (0.1 10°, 0.5X 10°, and
1.0X 10° cells/ml), droplet size (1, 4, 10, and 20 ul), and culture time (t=24, 48, 72, and 96 h)
were analyzed for control and bioprinting groups. The morphology of EBs and Oct4-GFP expres-
sion of ESCs within EBs were observed at different time points after bioprinting (t=24, 48, 72,
and 96 h) using an inverted fluorescent microscope (Nikon Eclipse T2000). The EB sizes were
measured from the collected micrographs using the NIH IMAGEJ program (developed at the U.S.
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National Institutes of Health and is available at http://rsb.info.nih.gov/nih-image/). In this study,
we used GFP expressing ES cells. These cells show green fluorescence, when they are undiffer-
entiated. EB cell death was analyzed at t=96 h by incubating EBs only in 4 uM ethidium
homodimer (Molecular Probes Inc.) in PBS for 10 min at 37 °C to indicate the dead cells. The
size uniformity and the resulting diameters at the end of the culture period were assessed and
compared to the control and bioprinted groups.

D. Statistical analysis

The experimental results for both control and bioprinted groups were initially tested for
normal distribution using Anderson—Darling test. The sample size used for each experimental
group was between 10 to 25 droplets. The effects of droplet size, initial cell seeding density, and
culture time on the EB sizes were analyzed with one way analysis of variance with Tukey post hoc
comparisons. The EB size uniformity was statistically assessed with Levene’s test for equality of
variances at the end of the 96 h culture period for all initial cell seeding densities (0.1 X 10°,
0.5x10°%, and 1.0 X 10° cells/ml) and droplet sizes (1, 4, 10, and 20 ul). The uniformity of the
EB sizes was assessed based on the variance in the data sets, where a smaller variance indicated
higher uniformity in the resulting EB sizes. The EB diameters at the end of the culture period were
compared statistically between control group and bioprinted groups with Mann—Whitney U test for
pairwise comparison. The statistical significance threshold was set at 0.05 for all tests
(with p<<0.05). Error bars in the figures represented standard deviation (Figs. 3 and 4).

lll. RESULTS AND DISCUSSION

In this study, we assessed the feasibility of using a cell bioprinting based hanging-drop method
to form EBs with controllable and uniform sizes. The effects of cell seeding concentration
(0.1 10%, 0.5 10 and 1.0 10° cells/ml), droplet volume (1, 4, 10, and 20 ul), and culture
time (24, 48, 72, and 96 h) on the EB size were analyzed by both methods. Morphological
assessment of the EBs showed that EB sizes increased with both increasing bioprinted droplet size
[Figs. 2(a) and 2(b)] and culture time [Fig. 2(c)]. We evaluated the cell death in the EBs formed
using the bioprinting method. The results showed that cells were viable throughout the culture
period independent of the droplet size [Fig. 2(d)]. However, a small number of dead cells were
observed in EBs generated by larger droplet volumes (i.e., 20 ul), which amounted to less than
1% of the total number of cells. Larger EB sizes were obtained at the end of the culture period
(t=96 h) with higher initial cell seeding densities [Fig. 2(e)].

Next, we quantitatively evaluated the EB size change over 96 h of culture period, which
indicated that EB sizes continuously increased, when bioprinting method was used (Fig. 3). In
addition, increasing volume of bioprinted droplets resulted in larger EB sizes for all groups at all
time points [Figs. 3(c), 3(e), and 3(g)]. A similar consistent trend was not observed in dependence
of the EB sizes on culture time and droplet volume in controls [Figs. 3(d), 3(f), and 3(h)], which
indicated that it is difficult to achieve a controlled EB size with the control method. Overall, it was
observed that EB sizes formed using the bioprinting method presented a significant increase in
response to increasing initial droplet size, cell concentration, and culture time, which was not
observed for the EBs formed with the control method. Therefore, these results indicated that
controllable EB sizes can be achieved by varying droplet volume, ESC seeding density, and
culture time using the bioprinting method.

To assess the EB size uniformity, we analyzed the EB size obtained by the bioprinting and
manual pipetting methods at the end of the 96 h culture period [Fig. 3(a)]. Variation in the
measured data was used to quantify uniformity and compare the two methods used in this study by
the Levene’s statistical test for the equality of variances. Overall, bioprinting resulted in signifi-
cantly lower variation (i.e., 57%-94% less variance), and hence, an improved uniformity in EB
sizes at the end of the culture period compared to manual pipetting (Fig. 4). Specifically, with
bioprinting method, enhanced uniformity in EB sizes was achieved for (i) 0.1 X 10/ml initial cell
seeding density with 1, 4, and 20 ul droplet sizes [Fig. 4(a)], (i) 0.5 X 10°/ml initial cell seeding
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FIG. 2. EB formation using bioprinting method. (a)—(c) Images of formed EBs with droplet sizes of 1, 4, 10, and 20 uL
at a cell density of 10° cells/ml. (a) Uniform-sized droplets encapsulating ESCs were generated by bioprinting. (b) Phase
contrast images of EBs formed after hanging for 24 h and (c) after culture for 72 h in a 96 multiwell plate. (d) Fluorescent
images of GFP positive EBs at t=96 h stained with ethidium homodimer. (e) Images of EBs formed with printed droplet
size of 10 ul at t=72 h at different cell concentrations.

density with all droplet sizes [Fig. 4(b)], and (iii) 1 X 10%/ml initial cell seeding density with 1 and
10 wl droplet sizes [Fig. 4(c)]. Furthermore, bioprinting method resulted in significantly larger EB
sizes (i.e., 25%—55% larger EBs with bioprinting) compared to controls at the end of the 96 h
culture period in all groups (Fig. 4).

The results presented here suggest that more uniform EB size distribution can be achieved
with bioprinting compared to the control method. Furthermore, significantly greater EB sizes can
be obtained for the same cell seeding density and droplet volume when bioprinting method is
utilized compared to the manual pipetting. The enhanced uniformity and larger size of the EBs
formed utilizing the bioprinting method over the manual methods can be explained by the inho-
mogeneous droplet spread during manual pipetting and cell settling during the time consuming,
labor intensive processes, which led to nonuniform cell seeding densities with manual methods.
These technical and practical limitations may be responsible for nonuniform droplet geometry and
increased mechanical stress on the ESCs within the manually pipetted droplet, thus affecting the
EB formation process. Furthermore, the bioprinting system presented here can generate up to 160
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FIG. 3. The effect of initial cell density, droplet volume, and culture time on the EB size for bioprinting and control with
manual pipetting. EBs retrieved from bioprinted droplets after 24 h culture in vitro (a) displayed more uniform size
distribution compared to control method (i.e., pipetting based manual hanging-droplet) (b). Statistical analysis of EB size
with different initial cell concentrations (0.1 10, 0.5X 10°, and 1.0X 10° cells/ml) formed by the bioprinting method
[(c), (e), and (g)] and by the control method [(d), (f), and (h)]. The EB sizes formed by bioprinting were well controlled by
varying the droplet size (1, 4, 10, and 20 ul) and the culture time (24, 48, 72, and 96 h).

droplets/second. It would take up to ~10 min to generate that many droplets with the most
broadly used manual pipetting methods. This corresponds to at least two orders of magnitude
decrease in the speed time that it takes to pattern cells for EB formation. Therefore, bioprinting
method presents additional advantages for EB formation over manual pipetting in terms of
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FIG. 4. Comparison of the uniformity and the size of the EBs formed by control (manual hanging-drop method) and
bioprinted hanging-drop methods. The statistical comparison of the EB size uniformity was performed with Levene’s test
for equality of variances (p<<0.05) at the end of the 96 h culture period for different initial cell seeding densities and
droplet sizes. The uniformity of the sizes was assessed based on the variance in the data sets. Less variance in the data
indicated higher uniformity in the resulting EB sizes. The diameters of the resulting EBs were compared statistically for
control and bioprinting methods with Mann-Whitney U test for pairwise comparisons (p<0.05). (a) For 0.1 10°/ml
initial cell seeding density, bioprinting method resulted in more uniform EB sizes at the end of the 96 h culture period for
1, 4, and 20 wl droplet sizes. (b) For 0.5 10°/ml initial seeding density, bioprinting resulted in significantly higher
uniformity in the EB sizes for all droplet sizes compared to control method. (c) For 1 X 10%/ml initial cell seeding density,
higher uniformity in EB sizes was observed for the droplet size of 1 ul. Overall, bioprinting method resulted in statisti-
cally greater EB sizes compared to control method at the end of the 96 h culture period in all groups.

throughput and user-friendly operation. In addition, our system creates EBs of controllable sizes
similar to the hanging-drop method, which can then be collected and cultured together for further
studies.

IV. CONCLUSIONS

The EB size and uniformity are critical parameters that play an important role in differentia-
tion efficiency of residing ESCs. In this study, we presented a cell printing based high throughput
method to produce EBs with uniform sizes by controlling the cell seeding density, bioprinting
volume, and culture time compared to the existing hanging-drop methods. The results showed that
the bioprinting approach presented here formed EBs with a high degree of uniformity in size
compared to EBs that were generated by using the manual pipetting approach. Furthermore,
bioprinting method resulted in significantly larger size EBs at the end of the culture period
compared to the manual controls. Therefore, the combination of bioprinting technique with the
hanging-drop method provides an effective tool to generate controllable uniform-sized EBs. The
EBs formed with this method would be essential for applications in regenerative medicine, inves-
tigating stem cell differentiation, screening drug candidates, and evaluating embryonic toxicity.
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